The production of muons from a high energy electron linac is calculated using the latest cross section theory.
Introduction
4\ A high-energy, high-intensity electron linear accelerator, such as that presently being operated by the Stanford Linear Accelerator
Center (SLAC), is capable of producing a high-intensity flux of muons by electromagnetic pair production. Serious problems can, at times, result from these muons since they quite easily penetrate rather massive shields.
In 1966 a series of theoretical and experimental investigations was undertaken to understand how to shield against muons produced by the Stanford two-mile accelerator (Nelson 1966a,b The results of that experiment are presented in the paper that follows this one, and we shall refer to that as
Paper II.
The present study (referred to as Paper I) is a definite improvement over the theoretical treatment previously published (Nelson 1968 , Alsmiller 1969 in that a more up-to-date expression for the coherent production of muons (i.e., from the nucleus as a whole) is used.
Furthermore, the production of muons from individual nucleons (incoherent production) is included in this study, although only the elastic scattering contribution is presented because of mathematical difficulties. In all cases, the effect due to finite nuclear (nucleon) size--the form factor effect--is accounted for. The cross section theory is that of Tsai (1971) and Tsai (1972a,b, 1973) .
We make use of the Alsmiller (1969 ( , Alsmiller et al. 1968 formulation because of its generality and elegance of presentation, 4\ although it can be shown (Nelson 1973) that the original formulation of Nelson (1968) The differential muon fluence that is produced when a high energy electron beam is completely attenuated in matter can be calculated by integrating the pair production cross section over the photon distribution in the electromagnetic cascade shower. This can be expressed by
Eo-m dQ(E,cp;Eo)/dE = (2NoXo/AR2)/ [d2s(k,E,q)/dR dE'f[dR/dk]dk E+P (
-2 -1 cm -GeV -electron-l) .
In this equation, and in the equations that follow cp is the production angle in laboratory coordinates (radians); R is the distance from the target (cm); EO is the total energy of the electron beam (GeV); E is the total muon energy (GeV); k is the energy of a photon in the shower (GeV); m is the rest mass of the electron (0.000511 GeV); !J is the rest mass of the muon (0. The formula that appears to be the best is one that has been derived by Clement (1963) and is given by
where u = fractional photon energy, k/Eo. with the integral equations that will be presented in subsequent sections, the evaluation of the muon fluence on the downstream side of a shield becomes so difficult and time-consuming that it is impractical to do.
Recently, however, Tsai (1972a, 1973) have presented an improved Weizsacker-Williams method which, unlike the usual application of the Weizsacker-Williams method to the pair production problem (Gribov et al. 1962) , takes form factors into account.
Their result for the muon pair production cross section is summarized in the following equations: = product of four-vector momenta According to Tsai (1972b, Tsai 1971) , as q-i, becomes comparable to the nuclear radius but not much smaller than the internucleon distance (R 0 = 1.2 fermi), the most important form factors are the elastic form factors of the nucleus. This contribution is usually referred to as coherent production because it is proportionalto 'Z* (the nuclear charge acting as a whole). For muon pair production the effect of atomic electron screening is negligible and the nuclear form factors can be written in terms of the delta function, S(M: -i 2) Tsai 1972a, 1973) Wl(coh) = 0,
W,(coh) = *Mi 6($ -$)Z*(l + q2/rN)-* J (6) which, along with equations (3) and (4), give for the coherent cross
).
( 7) with v*(l+L) The integration can be performed analytically and the result is
where X min = $ir,/'N J X max = p*(l+L)*/r, .
c.) Incoherent Production of Muons
When c$n is smaller than the internucleon distance, R 0' one must consider incoherent production in addition to the coherent production described by the above equations. In other words, for large values of the nucleons inside the nucleus act incoherently, and the cross section is proportional to the number of protons (or neutrons).
As we have stated earlier, we will only consider the elastic nucleon case---that is, meson production is excluded and p=IL8 1 P (proton mass squared).
This problem has been considered bjr Kim and Tsai ( The function P(q*) can be derived (Kim and Tsai 1972b) by considering two Fermi spheres of radius pF whose centers are displaced by Q. The -frac;ion of the sphere volume that is non-intersecting is then P(q*).
The result is For the elastic nucleon form factors, Tsai (1972a, 197213, 1973 ) suggest using the following:
where
by Kim and Tsai (1972b) indicate that the contribution of the neutron terms to the incoherent cross section is small except at "largpproduction angles and for high momenta; whereas, the inelastic scattering component becomes quite significant under these conditions.
Since we have ignoredthe inelastic contribution, it seems reasonable to exclude the neutron terms too, and we will assume that W el el In = '2n =o in this study.
We will take el W 1P = 0 for the same reason (a discussion of this approximation will be given later). Therefore,
07)
Substituting into equations (3) and (4), we have
Now, we make a further approximation (the significance of which will be discussed later) 4*<<4$ (or a<<l) ) so that
(1 + -4 ~1 (and Q*=q*). Then
Equation (21) The total cross section is the sum of the coherent and incoherent cross sections.
Integral Muon Fluence and Absorbed Dose
The integral muon fluence and the absorbed dose are given,
E where dQ/dE' is given by equation (1) and where the upper limit of integration is dictated by particle kinematics. The factor f(E') converts particle fluence to absorbed dose. Generally, f 'is taken 2 outside the integral as a constant such that 10 muons/cm /see gives 1 mrad/hour (which is calculated by using a constant ionization loss 2 of 1.75 MeV-cm /g) since the error involved in doing this is small.
A more exact method is to consider f to be a function of energy according to the equation
whew Sd(E') is the mass stopping power for muons traversing the detector medium with energy E'. Depending on the detector geometry and the secondary electron spectrum generated by the muons, a restricted mass stopping power might be required in order to obtain accurate results. Unrestricted, as well as restricted, stopping powers are discussed by Kase and Nelson (1972 Td is the kinetic energy of a muon at the detector location and is obtained from the equation 
in equation (28), we obtain a result derived earlier by Nelson (1968).
We will use equations (28) through (34), along with the cross sections pres:nted above, for the calculations that follow.
Range versus Energy
A set of range-energy curves for muons in various materials is provided in figure 3 . The curves represent our extension of previous calculations (Barkas and Berger 1964) to higher energies, and includes pair production, bremsstrahlung, and nuclear interaction losses (Hayman et al. 1963 ). This was done in a manner similar to that by Thomas (1964) . The .earth curve was scaled (by density) from the aluminum curve.
4.
A Discussion on the Approximations
Coherent versus Incoherent (Elastic and Inelastic) Contributions
In Section 2.3 we arrived at an analytical expression for the incoherent (elastic) proton pair production cross section (equations (19) ically. This has been done by Kim and Tsai (1972b) , and, as you will recall (Section 2.3), the calculation requires extensive computer time, making it prohibitive to include it in equation (1). The effect in beryllium can be seen in Table 3 , which is taken from the paper by Kim and Tsai (197213 Tsai (1972a, 1973, 197213) 18
The following conclusions are reached in this section:
1) the elastic neutron contributions, described by W2n, and to a much 4 lesser extent, Win, are not very significant, so that we can take 'ln = '2, = 0 without too much effect;
2) the approximation, the Wlp contribution has not been specifically looked at, but if it is important so will be the inelastic nuclear effects.
Comparison of the Weizsacker-Williams and the Exact (Born) Cross
Sections (Elastic Only)
In this section we compare the Weizsacker-Williams approximation of the differential muon pair production cross section with the more exact (Born) method, both due to Kim and Tsai (1972a , 1973 , 1972b .
The Born-data were obtained by using Tsai's computer code,.slightly modified by us to treat the present problem. At small angles and for muon energies that are not close to the incident photon energy, the agreement between the W.W. and the Born cross sections is reasonably good. This corresponds to small momentum transfers. As q2 gets larger, the difference gets bigger, as can be seen in the region near 80 milliradians for the E = 16 GeV curves.
At this angle, the total Born curve is 33 times higher than the coherent W.W. for E = 16 GeV, but only 32% higher for E = 8 GeV. It should be pointed out that the elastic incoherent contribution vanishes at some point due to kinematic limitations (e.g., at 120 milliradians on the E = 16 GeV curves).
Although the difference between the exact and W.W. cross sections is substantial in some regions, particularly when E is near k, the net effect is relatively insignificant in the calculation of the multiple scattered muon fluence (or absorbed dose). This can be understood from the fact that the production of the lower energy muons is more probable.
For example, the E = 8 GeV cross section is two to three orders of magnitude higher than the E = 16 GeV one, as is apparent in figure 4 .
To observe the effect directly, we need only re-examine Table 1, which gives the percent increase in the muon fluence as a result of adding lJhe w2P component to the coherent component. Table 1 corresponds to the solid lines in figure 4 . The largest increase in Table 1 is about 40%.
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The most we can expect from an exact (Born) calculation (according to figure 4) would be about twice this, or 80%. Furthermore, the inelastic pro&tion, as indicated in Table 3, In Figure 6 , we compare the present study with the experimental data of Nelson (1968), where we now use the latest cross section formulae (coherent production only) and the restricted stopping power for 7 LiF (the energy cutoff for the detector geometry used in the experiment was estimated to be 0. In an attempt to resolve this disagreement, the experiment described in the paper following this one (Paper II) was performed. +With the approximation, q2 << 4gp (see Section 2.3).
Note: W2p is really a "quasi-elastic" incoherent form factor defined by equation (10) Table II of Kim and Tsai (1972b) . 
